The musculoskeletal system is significantly more complex than portrayed by traditional reductionist approaches that have focused on and studied the components of this system separately. While bone and skeletal muscle are the two largest tissues within this system, this system also includes tendons, ligaments, cartilage, joints and other connective tissue along with vascular and nervous tissue. Because the main function of this system is locomotion, the mechanical interaction among the major players of this system is essential for the many shapes and forms observed in vertebrates and even in invertebrates. Thus, it is logical that the mechanical coupling theories of musculoskeletal development exert a dominant influence on our understanding of the biology of the musculoskeletal system, because these relationships are relatively easy to observe, measure, and perturb. Certainly much less recognized is the molecular and biochemical interaction among the individual players of the musculoskeletal system. In this brief review article, we first introduce some of the key reasons why the mechanical coupling theory has dominated our view of bone-muscle interactions followed by summarizing evidence for the secretory nature of bones and muscles. Finally, a number of highly physiological questions that cannot be answered by the mechanical theories alone will be raised along with different lines of evidence that support both a genetic and a biochemical communication between bones and muscles. It is hoped that these discussions will stimulate new insights into this fertile and promising new way of defining the relationships between these closely related tissues. Understanding the cellular and molecular mechanisms responsible for biochemical communication between bone and muscle is important not only from a basic research perspective but also as a means to identify potential new therapies for bone and muscle diseases, especially for when they co-exist.
I. Introduction
The topic of bone-muscle interactions has become of interest for basic, clinical, and translational scientists because of the realization of the implications of this emerging field of research (1) . The concept that bone and muscle cells communicate at the biochemical and molecular levels in ways beyond and complementary to those ways dictated by mechanical interactions is leading to new insight into how bone and muscles work together in health and disease. With life expectancy projected to surpass the centenary mark, the twin diseases osteoporosis-sarcopenia will exert additional, not yet fully understood, consequences on public health and the economy. In fact, humankind has never experienced a larger and broader demographic shift in its history with a projected 20% of the world population being 60 and older by 2050 and over 1/3 by 2150 (2, 3)
The mechanical coupling of bone and muscle is easier to appreciate and comprehend than biochemical cross-talk
The coupling of bones and skeletal muscles has been simplified and mainly viewed as mechanical in nature, where muscles are the load suppliers and bone simply provide the attachment sites. The musculoskeletal system is unquestionably much more complex than just bone and muscles. A broader comprehension of bone-muscle biochemical signaling could lead to unprecedented and previously unimagined therapies not only for these diseases, but likely for many other musculoskeletal diseases.
The close relationship and tight coupling between of the different tissues composing the musculoskeletal system is most fully appreciated during embryonic development when these tissues are formed from somites originating from the paraxial mesoderm (4) . During intrauterine development, bone and muscle cells not only share a common mesenchymal precursor, but also experience organogenesis through a tightly orchestrated network of genes. It is possible that some of our own bias to more readily accept the study of mechanical coupling between these two tissues derives from embryology. As the skeleton develops, muscle contraction in the developing embryo contributes to the process of development itself and clearly to skeletal growth, and skeletal adaptations in early postnatal life are largely due to changing mechanical forces (5, 6) . In addition, the immediate results of muscle load can be discerned on bones, since they adjust their shape and mass to changes in load, and such load can be easily interpreted as coming from muscle contractions. This mechanical relationship has been investigated in detail during embryonic patterning, postnatal allometric growth, and the homeostatic relationship of adult life and aging. It is therefore understandable that these many similarities and the availability of models to investigate the mechanical coupling of these two tissues has favored this perspective.
The major goal of this review article is to inform regarding muscle-bone crosstalk independent of loading. When a sound relationship between tissues is recognized and a large body of evidence supports that relationship, theories become dogmas, which can unfortunately hinder or block alternative views. The second goal is to summarize data that demonstrates the endocrine nature of skeletal muscle and bone. The third goal is to raise specific questions related to the bone-muscle relationship that are apparently unanswered by the mechanical coupling theory of bone-muscle crosstalk.
Muscle as a Secretory/Endocrine Organ
It was only during the last decade of research that skeletal muscles were recognized for their significant secretory capacity (7) . Myostatin, discovered in Se-Jin's laboratory in 1997 is arguably the most potent inhibitor of skeletal muscle cell proliferation and growth and is also considered one of the earliest muscle secreted factors (8, 9 ).
Pedersen and colleagues were the first research group to invent the term, 'myokines,' and since then, other muscle secreted factors have been documented by several research labs, including IL-8 that seems to stimulate angiogenesis(10), brain-derived neutrophic factor (BDNF)(11), irisin, a potent regulator of the conversion of white fat into brown fat (12) , and IL-15, a muscle factor that reduces adiposity. Mice with elevated circulating levels of IL-15 show increased bone mineral content (13) .
Our labs recently discovered that secreted factors from C2C12 myotubes but not from C2C12 myoblasts increased the viability of MLO-Y4 osteocytes treated with dexamethasone (14) . Furthermore, ex-vivo, intact skeletal muscles when electrically stimulated also protected osteocytes against cell death, but only when muscles were electrically stimulated to contract, strongly suggesting that these effects are mediated by contraction induced muscle factors(14).
Bone as a Secretory/Endocrine Organ
Bone is generally not thought of as an endocrine gland such as the pituitary or adrenals. However, the definition of an endocrine gland is that it must be highly vascularized and form a system that directly secretes hormones into the bloodstream to affect distant targets. Based on this definition, bone is an endocrine organ (15) . Osteoblasts have the capacity to release factors such as osteocalcin as do osteocytes. In addition, osteocytes produce circulating factors such as FGF23 and sclerostin. The osteocyte lacunocanalicular system contains bone fluid that contains factors released by osteocytes and these factors can be found in the circulation.
For decades it has been known that bone is a source of growth factors (16) . Clearly bone is a source of osteogenic growth factors such as the bone morphogenetic proteins, transforming growth factor betas and insulin-like growth factors. It is thought that these factors are deposited in matrix by osteoblasts and released by osteoclasts during resorption. Potentially osteoblasts have the capacity to release factors into the circulation, but one must keep in mind that in the adult skeleton, osteoblasts may compose approximately 5% of bone cells compared to 1% of osteoclasts, whereas 90-95% are osteocytes. Considering the total mass of osteocytes and their dendritic processes in bone, these cells are likely the source of the majority of circulating factors from the adult skeleton.
One factor produced uniquely by bone is osteocalcin which has been shown to target numerous tissues and is therefore considered a hormone (17) . Osteocalcin is produced by the late osteoblast before embedding into osteoid and by embedded osteocytes. Like growth factors, it was assumed that osteocalcin is mainly deposited into the bone matrix during bone formation and hypothesized to be released by osteoclasts during resorption (18) . However, bone cells may also have the capacity to secrete osteocalcin into the circulation. Osteocalcin has high affinity for hydroxyapatite, but with modulation of carboxylation could be a circulating factor. Osteocalcin has effects on glucose metabolism, energy metabolism, fertility, and ectopic calcification (19) and as discussed below potentially on muscle activity. Most of these studies have been performed in rodents with some observational data in humans.
Osteocytes send signals to not only other osteocytes, but both osteoblasts and osteoclasts and their precursors on the bone surface acting as 'orchestrators' of bone remodeling. Clearly bone responds to both anabolic loading and to immobilization or unloading and mechanical loading regulates osteocyte production of factors such as sclerostin (20). The Wnt/β-catenin pathway in osteocytes is an important regulator of bone mass and important in osteocyte transmission of mechanical loading signals to cells on the bone surface(21). The pathway is triggered by crosstalk with the prostaglandin pathway in response to loading resulting in a decrease in negative regulators of bone formation such as Sost/sclerostin and Dkk1(22). It has recently been shown that two products, prostaglandin E2 and Wnt3a, both produced by osteocytes in response to shear stress will support myogenesis and muscle function (23-26). While the WNTs are thought to mainly act locally, Wnt3a can be quantitated in serum. It is not known if this circulating form is active or not. Whether osteocytes secrete sufficient levels into the circulation to have effects on muscle is not known at this time.
Since its identification in 2000, FGF23 has become one of the most important osteocytesecreted endocrine factors(27-30). Not only do osteocytes secrete small signaling molecules but also factors that regulate mineral homeostasis. Osteocytes appear to regulate phosphate through molecules such as Phosphate Regulating Neutral Endopeptidase on Chromosome X, (Phex), Dentin Matrix Protein 1, (Dmp1), and Fibroblast Growth Factor 23, (FGF23)(31). Both Dmp1 and Phex down regulate FGF23 in osteocytes allowing reabsorption of phosphate by the kidney to maintain sufficient circulating phosphate to maintain normal bone mineral content. In the absence of either Dmp1 or Phex, FGF23 is elevated in the osteocyte and systemically, leading to phosphate excretion by the kidney resulting in osteomalacia and rickets. It was previously proposed that the osteocyte lacuno-canalicular network can function as an endocrine system, targeting distant organs such as kidney(28). Interestingly, FGF23 is also able to act on the parathyroid gland to decrease PTH secretion, identifying the parathyroid gland as another endocrine target of osteocyte signaling(32, 33).
FGF23 is known to have effects on cardiac muscle. Recent studies have linked raised levels of circulating FGF23 to an increased risk of heart disease. Elevated levels of FGF23 were found to be independently associated with left ventricular hypertrophy in human population studies (34, 35). Increased serum FGF23 has also been linked with impaired vascular function (34), vascular calcification (36) and increased fat mass (37), indicating the importance of osteocyte-regulated proteins in health and disease. These findings of altered cardiac and vascular function identify these tissues as target organs of osteocyte-secreted FGF23. The effects of elevated FGF23 on skeletal muscle function is not known.
Unanswered Questions
A major goal of our review article is to stimulate questions that could help advance the research of both bone and muscle and this emerging field of bone-muscle crosstalk. Some examples of intriguing questions that have not been answered in the context of the mechanical coupling theory alone are:
Why do fractures heal better with muscle flaps?
2. Why does the deletion/inhibition of a muscle specific genes lead to bone gains?
3.
What are the roles of bone-muscle pleiotropic genes? Why would similar molecular signaling pathways govern bone and muscle if the relationship was only one of load imposed by one tissue on the other tissue?
4. In a known model of bone disease, Osteogenesis Imperfecta, why is there muscle weakness even in the absence of myopathy?
5.
Why should the muscle-bone relationship be unidirectional with only muscles influencing bones and not vice-versa? If bones secrete a myriad of factors, such factors could influence or even optimize muscle function.
6.
Is there a connection between sarcopenia and osteoporosis?
Fracture Healing
In the broader context of bone-muscle interactions, it seems largely ignored that with open bone fractures where skeletal muscle is simultaneously injured, the resulting fracture healing is significantly compromised (38) (39) (40) (41) . Likely, a quick answer to this question would be that since muscles are injured, contractions are reduced or weaker leading to the reduced healing. Nevertheless, if this assumption was correct, why would healing improve with specific conditions where substantial muscle force is not occurring? Harry et al reported studies in mice using the open tibial fracture model showing that when the fracture area was surrounded with muscle flaps, bone repair was significantly enhanced; both faster and the quality of the repair was superior (42) . These findings have gained even stronger clinical significance in light of the fact that the same holds true in humans with open tibial fractures (43) . Certainly, a plausible answer to these intriguing effects of muscle flaps is that muscles are producing and releasing factors that can travel either through specific tissuetissue transport mechanisms or through the general circulation to exert direct, specific effects on bone healing and repair. It is fascinating to consider that muscles might function as a second periosteum layer as recently proposed by Little and colleagues in their study showing that muscle stem cells contribute to bone repair (44, 45).
Myostatin Paradox
Inactivation of myostatin, which results in muscle hypertrophy or "double muscling" in animals(46-51) and humans (52) , is a prime example of how a mutation presumably restricted to one tissue can lead to altered properties in the other. Hamrick and colleagues investigated the potential effects of increased muscle mass on bone mineral content and density utilizing the myostatin deficient mouse model. Myostatin or growth and differentiation factor 8, GDF8, is a member of the TGF-β superfamily and is a secreted myokine that circulates in the blood, making it an attractive candidate to be involved in muscle-bone endocrine signaling (53) . The GDF8 null mouse is a fascinating model, since the significantly larger muscles of these mice are actually weaker when force is normalized per unit of cross-sectional area. Therefore, a clear argument is that loading per unit of muscle is actually lessened in these mice, but their muscle volume is certainly larger. Even though the normalized force is less, there is still greater total force compared to controls due to the dramatic increase in muscle mass. Hamrick found that there was an increased periosteal circumference along the humerus and increased cortical bone mineral density in the distal femur exactly two bones of the extremities and two bones exposed to the largest muscle volume in the body (54, 55) . In agreement with the explanation provided above for the effects of muscle flaps on bone healing, the significantly larger volume of muscle could favor a larger amount of secretion of muscle factors, which in turn can influence bone mass.
The development of myostatin inhibitors was recently reviewed and has further stimulated the discussion around tissue crosstalk (56) . Studies in humans have found that myostatin inhibition leads to increased lean mass, decreased fat mass, and increased bone formation. Myostatin neutralizing antibody (Mstn-mAb), and a soluble myostatin decoy receptor (ActRIIB-Fc) have both been used to inhibit myostatin. They are both considered myostatin inhibitors, but in 2014, Bialek and colleagues, showed that while both increased muscle mass, only ActRIIB-Fc increased both muscle mass and bone mass. Since they obtained the same bone mass increase with ActRIIB-Fc in myostatin deficient mice, they suggested that this soluble decoy receptor might be binding a ligand other than myostatin that plays a role in regulating bone mass, but in muscle AcTRIIB does work as a myostatin inhibitor(57).
Bone-Muscle Pleiotropic Genes
More recently innovative bivariate GWAS has been used to identify pleiotropic candidate genes/SNPs/regions associated with traits in both bone and muscle (58) (59) (60) (61) (62) (63) . These GWAS based studies produced a list of potential bone-muscle pleiotropic genes that now require validation studies. One of the genes identified in these studies was MEF2C, a gene that encodes a transcription factor (myocyte enhancer factor 2C) which was demonstrated to be involved in cardiac and skeletal muscle development (64) . A mouse model where Mef2C was specifically deleted in osteocytes challenged these initial observations since these mice have an increased bone density through complex mechanisms that involve reduced Sost expression, increased OPG expression resulting in a reduced RANKL/OPG ratio, and reduced osteoclastogenesis(65).
Our group has recently attempted to begin the validation of another potentially pleiotropic gene, METTL21C (66) . This gene is part of the METTL21family of the methyltransferase superfamily and has protein-lysine N-methyltransferase activity (67) , and methylates valosin containing protein (VCP) chaperones, which harbor specific mutations that are causal for Inclusion Body Myositis (muscle) with early onset of Paget's Disease (bone) (68) . We found that molecular-genetic down-regulation of this gene in C2C12 muscle cells led to reduced myogenic differentiation, a dramatic decrease in myotube cell area (i.e., cellular atrophy), and reduced calcium release from the sarcoplasmic reticulum, while MLO-Y4 osteocyte cells became significantly more prone to dexamethasone induced cell death. Surprisingly, the effects mediated by Mettl21C in bone and muscle cells was linked to the alteration of common signaling pathway, the NF-kB pathway. Together, these findings suggest important roles for MEF2C and METTL21C in both bone and muscle and support the concept that shared genetic determinants and commonly shared signaling pathways are operational in both muscle and bone growth and development. What remains to be answered is the nature of the potential biochemical factors mediating the modulation of bone and muscle cells in pleiotropy.
Osteogenesis Imperfecta-Why muscle weakness without muscle disease?
Osteogenesis imperfect (OI) is a congenital bone disorder where mutations is COL1A1 and COL1A2 lead to a deficiency in collagen, which makes bones prone to fracture (brittle bones) (69) . In a series of very elegant studies, Phillips and collaborators developed OI animal models and have characterized them in the last decade. They found that even in the total absence of muscle myopathy, significant muscle weakness was present in OI mice (70) .
The clinical significance of their findings in this animal model is further enhanced, since essentially the same type of muscle weakness had been reported in humans in at least three independent studies (71-73). These studies not only provide a robust and clinically relevant example of bone-muscle crosstalk, but also provide strong evidence that muscle applied load is not the only dictating factor in the bone-muscle relationship. Do weaker bones release factors that negatively influence muscle function or conversely do weaker bones not release factors that support muscle function?
4.5 Why should the muscle-bone relationship be unidirectional with only muscles influencing bones and not vice-versa? If bones secrete a myriad of factors, why shouldn't such factors influence or even optimize muscle function?
As discussed above, osteocytes can signal to tissues other than bone via secretion of factors. One of the targets of pathological elevated levels of FGF23 is cardiac muscle resulting in left ventricular hypertrophy (74) . This therefore raises an interesting possibility; can osteocytes directly influence muscle mass by secreting muscle regulatory factors? Such interplay between bone and muscle seems highly plausible, especially as muscle and bone mass are tightly correlated from development through aging. In vitro support for this hypothesis was shown recently. MLO-Y4 osteocyte-like cells and primary osteocytes secrete factors that induce muscle myogenesis and activate the Wnt/β-catenin pathway in C2C12 pluripotent cells (75) (25). These findings suggest that this pathway not only plays a role in muscle development but also in muscle repair and myogenesis. Two factors produced by osteocytes in response to shear stress, PGE 2 and Wnt3a, were found to enhance myogenesis and ex vivo primary muscle function. These studies suggest other potential endocrine and/or paracrine functions for osteocytes. levels of uncarboxylated osteocalcin (77) and osteocalcin may have a direct effect on muscle strength (78) . Osteocalcin is such an incredibly multifunctional molecule that it will be important to determine the receptors and signaling pathways responsible for its actions.
Is there a connection between sarcopenia and osteoporosis?
Osteoporosis and Sarcopenia are major clinical problems in the aging population and in many patients these two conditions occur concurrently. It is unclear whether one condition precedes the other or if the conditions are linked. The mechanical perspective implies that as muscle function declines, this would result in decreased loading of the skeleton and therefore would result in a decrease in bone mass. However, muscle atrophy alone cannot fully explain the totality of osteoporosis and, reciprocally, aging associated decreases in b one mass do not fully explain sarcopenia.
Osteocytes are descendants of osteoblasts embedded within bone matrix. The osteocyte is an aging, senescent cell. As osteocytes reside in human bone for decades while osteoblasts and osteoclasts live for only days or weeks, the osteocyte is very susceptible to the effects of aging. The osteocyte cannot be replaced except by bone remodeling, therefore the osteocyte could be considered the senescent cell in bone. Osteocyte cell death can result in micropetrosis where mineral fills the lacuna resulting in a cell that is a 'living fossil' (79) . Fewer numbers of osteocyte lacunae were found in patients suffering from fractures compared to controls (80) . It has been found that an age-dependent decrease occurs in osteocyte lacunar density with an increased amount of hypermineralized calcium phosphate occlusions (81) . These observations have important implications for the flow of canalicular fluid, for the osteocyte's ability to sense mechanical loading and the cell's capacity to sense microdamage. The aging osteocyte in a compromised lacuno-canalicular system is less likely to produce factors to support muscle myogenesis and function. We have found that muscle secretes low molecular weight factors that protect osteocytes against glucocorticoid induced apoptosis(23). Muscle, especially with contraction, is most likely producing osteocyte viability factors, and these are lost with aging. It will be important to identify muscle factors that protect osteocytes and maintain their function and vice versa to identify bone factors that maintain muscle function in order to design therapeutics for treatment/ prevention of the twin syndrome of osteoporosis and sarcopenia.
Future Directions
In summary, the mechanical and biochemical theories of bone-muscle crosstalk are not exclusive or one more important or relevant than the other theory. These theories are most likely complementary whereby mechanical force might prime bone and muscle for regulation and release of specific factors to exert their effects on the opposing tissue. Continued and progressive research aimed at merging these two theories will bring advances in knowledge that will translate into new therapies that could revolutionize current treatments by targeting not only one but both tissues simultaneously. 
